We use a global three-dimensional chemical transport model to quantify the influence of anthropogenic emissions on atmospheric sulfate production mechanisms and oxidant concentrations constrained by observations of the oxygen isotopic composition ( 17 O = δ 17 O-0.52 × δ 18 O) of sulfate in Greenland and Antarctic ice cores and aerosols. The oxygen isotopic composition of non-sea salt sulfate ( 17 O(SO 2− 4 )) is a function of the relative importance of each oxidant (e.g. O 3 , OH, H 2 O 2 , and O 2 ) during sulfate formation, and can be used to quantify sulfate production pathways. Due to its dependence on oxidant concentrations, 17 O(SO 2− 4 ) has been suggested as a proxy for paleooxidant levels. However, the oxygen isotopic composition of sulfate from both Greenland and Antarctic ice cores shows a trend opposite to that expected from the known increase in the concentration of tropospheric O 3 since the preindustrial period. The model simulates a significant increase in the fraction of sulfate formed via oxidation by O 2 catalyzed by transition metals in the present-day Northern Hemisphere troposphere (from 11% to 22%), offset by decreases in the fractions of sulfate formed by O 3 and H 2 O 2 . There is little change, globally, in the fraction of tropospheric sulfate produced by gas-phase oxidation (from 23% to 27%). The model-calculated change in 17 O(SO 2− 4 ) since preindustrial times (1850 CE) is consistent with Arctic and Antarctic observations. The model simulates a 42% increase in the concentration of global mean tropospheric O 3 , a 10% decrease in OH, and a 58% increase in H 2 O 2 between the preindustrial period and present. Model results indicate that the observed decrease in the Arctic 17 O(SO 2− 4 ) -in spite of increasing tropospheric O 3 concentrations -can be explained by the combined effects of increased sulfate forma-Correspondence to: B. Alexander
tion by O 2 catalyzed by anthropogenic transition metals and increased cloud water acidity, rendering 17 O(SO 2− 4 ) insensitive to changing oxidant concentrations in the Arctic on this timescale. In Antarctica, the 17 O(SO 2− 4 ) is sensitive to relative changes of oxidant concentrations because cloud pH and metal emissions have not varied significantly in the Southern Hemisphere on this timescale, although the response of 17 O(SO 2− 4 ) to the modeled changes in oxidants is small. There is little net change in the 17 O(SO 2− 4 ) in Antarctica, in spite of increased O 3 , which can be explained by a compensatory effect from an even larger increase in H 2 O 2 . In the model, decreased oxidation by OH (due to lower OH concentrations) and O 3 (due to higher H 2 O 2 concentrations) results in little net change in 17 O(SO 2− 4 ) due to offsetting effects of 17 O(OH) and 17 O(O 3 ). Additional model simulations are conducted to explore the sensitivity of the oxygen isotopic composition of sulfate to uncertainties in the preindustrial emissions of oxidant precursors. 3566 E. D. Sofen et al.: Preindustrial oxidants and isotopes of ice core sulfate Sulfur enters the atmosphere mainly through natural emissions of dimethyl sulfide (DMS) produced by marine phytoplankton and through natural and anthropogenic emissions of SO 2 , mainly as a combustion byproduct. Most atmospheric sulfate, which is a major component of atmospheric aerosols, is produced through oxidation of SO 2 in the atmosphere. The extent to which SO 2 emissions impact the sulfate aerosol radiative effects depends in part on whether sulfate is formed through gas-or aqueous-phase chemistry. Gas-phase oxidation of SO 2 results the formation of new particles that, under favorable conditions, can go on to form cloud condensation nuclei. Aqueous-phase sulfate formation will not form new particles, but can affect aerosol and cloud droplet growth (Kaufman and Tanre, 1994) .
Oxygen triple-isotope ( 16 O, 17 O, 18 O) measurements of sulfate have been used previously to infer the atmospheric formation pathways of sulfate in the present Alexander et al., 2005 Alexander et al., , 2009 Patris et al., 2007; Dominguez et al., 2008) and paleo- (Alexander et al., 2002 (Alexander et al., , 2003 (Alexander et al., , 2004 Kunasek et al., 2010) atmosphere. Most chemical and physical processes fractionate isotopes in a mass-dependent manner. However, a few processes -most importantly, the formation of O 3have been found to fractionate oxygen isotopes in a nonmass-dependent fashion (Thiemens and Heidenreich, 1983) . This mass-independent fractionation is used as a tracer of a number of atmospheric processes, largely related to oxidant chemistry (Brenninkmeijer et al., 2003; , as well as the hydrologic cycle (Barkan and Luz, 2007; Landais et al., 2008) and biological productivity (Luz et al., 1999; Landais et al., 2007) . The oxygen isotopic composition of sulfate reflects the relative importance of different oxidants (O 3 , H 2 O 2 , OH, and O 2 ) in the production of sulfate because the oxidants transfer unique oxygen isotope signatures to the oxidation product (Savarino et al., 2000) . In addition, due to the partial dependence of the isotopic composition of sulfate on oxidant concentrations, ice core observations of the oxygen isotopes of sulfate have been suggested as a potential proxy for paleo-oxidant concentrations.
The concentrations of the tropospheric oxidants, including ozone (O 3 ), hydroxyl radical (OH), and hydrogen peroxide (H 2 O 2 ), are described collectively as the "oxidizing capacity of the atmosphere" (Thompson, 1992) . Variations in the oxidizing capacity of the troposphere impact the lifetimes of chemically and radiatively important reduced trace gases, such as carbon monoxide (CO), methane (CH 4 ), and halocarbons. However, the extent to which the oxidizing capacity of the troposphere has changed between the preindustrial Holocene (PI; prior to 1850 CE) and present-day (PD) due to anthropogenic activity remains highly uncertain.
Measurements of the H 2 O 2 concentration (Sigg and Neftel, 1991) and CH 2 O/CH 4 ratio (Staffelbach et al., 1991) in ice cores have been studied as potential proxies of the past oxidizing capacity of the atmosphere. However, both H 2 O 2 and CH 2 O are sensitive to post-depositional process-ing, hindering quantitative interpretation of past atmospheric conditions. There are also modern reconstructions of O 3 measurements made in the late-nineteenth century using the Schönbein (Marenco et al., 1994; Pavelin et al., 1999) and oxidation of arsenate (Volz and Kley, 1988) methods. Errors in the reconstructed O 3 measurements may arise from interferences by other oxidizing or reducing gases (Volz and Kley, 1988) , humidity, uncertainties in the recalibration of the Schönbein method, and local O 3 sources (Marenco et al., 1994) . These reconstructions suggest very low surface O 3 concentrations, on the order of 5-15 nmol mol −1 .
Models are often used to simulate the changing oxidizing capacity of the atmosphere. However, between model studies, the fractional change in global mean oxidant concentrations between the PI and PD (PD-PI) varies greatly (e.g. Thompson et al., 1993; Grenfell et al., 2001; Lamarque et al., 2005) . Models predict PD-PI changes of +30 to +65% in mean O 3 , −33% to +10% in OH, and +40% to +140% in H 2 O 2 . Inter-model variability in oxidants is due to differing meteorological fields, differing choices of PI CH 4 concentrations, uncertainties in PI biogenic and biomass-burning emissions, and inherent variations in PD models related to NO x and volatile organic compound (VOC) emissions and stratosphere-troposphere exchange of O 3 . In addition to intermodel variability, Mickley et al. (2001) point out that most PI simulations overestimate surface O 3 relative to the late-1800s measurements described above. Mickley et al. (2001) achieved agreement with these measurements by dramatically lowering emissions of soil and lightning NO x and increasing emissions of biogenic VOCs. Due to the widely varying model approaches and the nonlinearity of oxidant chemistry, a proxy is needed for model validation of PI oxidant concentrations.
In this study, we use the three oxygen isotopes of atmospheric sulfate extracted from Greenland (Alexander et al., 2004) and Antarctic (Kunasek et al., 2010) ice cores as a constraint on anthropogenic emissions-based changes in sulfate formation pathways in the GEOS-Chem global chemical transport model and explore its use as a proxy for changes in paleo-oxidant concentrations between the PI and PD. In Sect. 2, we present an overview of sulfate formation and oxygen isotopes. Section 3 provides a description of the modeling approach, model limitations, and sensitivity studies. In Sect. 4, we discuss changes in the global sulfur budget induced by anthropogenic emissions and compare the model results to the ice core measurements. We also use the model to examine the sensitivity of the oxygen isotopes of sulfate to changing oxidant concentrations, emissions, and cloud pH on the PD-PI timescale.
Oxygen isotopic composition of sulfate
Sulfate forms in the atmosphere through the oxidation of SO 2 via gas-phase, aqueous-phase, and heterogeneous reaction pathways. The main sulfate-formation pathways are gasphase oxidation of SO 2 by OH and aqueous-phase oxidation of S(IV) by H 2 O 2 and O 3 (Chin and Jacob, 1996) , where S(IV) describes the total of the aqueous species formed by SO 2 dissolution (S(IV) = SO 2 · H 2 O + HSO − 3 + SO 2− 3 ). In polluted high-latitude regions during winter, aqueousphase sulfate formation by molecular oxygen (O 2 ) catalyzed by transition metals (mainly Fe and Mn) is also a significant pathway (Alexander et al., 2009; Munger et al., 1983; McCabe et al., 2006) . Also, SO 2− 4 forms through heterogeneous-phase oxidation by O 3 on alkaline sea salt (Chameides and Stelson, 1992) and dust (Usher et al., 2003) aerosols. Aqueous-phase oxidation of S(IV) by halogens (HOBr and HOCl) has been suggested to be important in the marine boundary layer (Vogt et al., 1996; von Glasow et al., 2002) . However, this suggestion is based on the assumption that the rate constants for the reactions HSO − 3 +HOBr/HOCl are equal to the rate constants for SO 2− 3 + HOBr/HOCl, because only the latter has been measured (Fogelman et al., 1989; Troy and Margerum, 1991) . This assumption represents a large source of uncertainty because HSO − 3 is the dominant aqueous S(IV) species under typical cloud water pH (2-7) conditions. NO 2 (Lee and Schwartz, 1983) , NO 3 (Feingold et al., 2002) , and HNO 4 (Dentener et al., 2002; Warneck, 1999) can also oxidize S(IV) in the aqueous phase. Because of the low solubility of NO 2 , S(IV) + NO 2 is expected to be most important in polluted regions where NO 2 concentrations are high. NO 3 and HNO 4 have been hypothesized to be important in high Northern latitude polluted regions during the winter, but oxygen isotope measurements of Arctic sulfate argue against this (McCabe et al., 2006) . In this study, we consider sulfate formation by OH in the gas phase, H 2 (Savarino et al., 2000) during the oxidation of S(IV).
This mass-independent signature is described using the linear approximation as follows: 
Both δ and are expressed as a parts-per-thousand deviation from a standard (Vienna Standard Mean Ocean Water) in units of "per mil" (‰).
Field, laboratory, and modeling studies find that in the troposphere 17 O(O 3 ) = 6−54‰ (Johnston and Thiemens, 1997; Krankowsky et al., 1995; Lyons, 2001) , 17 O(H 2 O 2 ) = 0.9−2.2‰ (Savarino and Thiemens, 1999; Lyons, 2001) , 17 O(OH) ≈ 0‰, and 17 O(O 2 ) = −0.34‰ (Barkan and Luz, 2005) . The widely varying 17 O(O 3 ) measurements have a mean value of 25‰. The large spread of observed 17 O(O 3 ) is unexpected based on the temperature-and pressure-dependence of 17 O(O 3 ) during ozone formation in laboratory studies (Morton et al., 1990) . Due to potential sampling artifacts from measurements of atmospheric 17 O(O 3 ) (Brenninkmeijer et al., 2003) , we assume 17 O(O 3 ) = 35‰ based on calculations by (Lyons, 2001) , following Michalski et al. (2003) . For H 2 O 2 , we use 17 O(H 2 O 2 ) = 1.3‰, the mean of the measurements by Savarino and Thiemens (1999) . For OH and O 2 , we assume 17 O(OH) = 0‰ and 17 O(O 2 ) = −0.34‰. Sensitivity studies are performed to investigate the influence of these assumptions on our results (Sect. 4.5).
The 17 O of atmospheric sulfate ( 17 O(SO 2− 4 )) depends on the 17 O transferred to sulfate by each oxidant during S(IV) oxidation (Savarino et al., 2000) and the fraction of sulfate formed through each oxidation pathway. The assumptions described above lead to 17 O(SO 2− 4 ) = 8.75‰ (O 3 ), 0.65‰ (H 2 O 2 ), 0‰ (OH), and −0.09‰ (O 2 ) for each oxidation pathway. The fraction of sulfate formed through each oxidation pathway depends on oxidant concentrations, cloud liquid water content, cloud-water pH, atmospheric metal concentrations, and aerosol surface area.
Model description
We use version 8-01-01 of the GEOS-Chem global, threedimensional atmospheric chemical transport model (Bey et al., 2001 , http://www.geos-chem.org) at 4 • × 5 • resolution to simulate oxidant concentrations, atmospheric sulfur chemistry, and the resulting 17 O(SO 2− 4 ) of the PI and PD atmosphere. The model is driven by present-day assimilated Goddard Earth Observing System (GEOS-4) meteorology. Base-case PI and PD simulations are run for ten years (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) . Sensitivity studies are conducted with 1989-1991 meteorology. The PD simulation relies on the standard GEOS-Chem emissions inventories -GEIA fossil fuel, fertilizer, biogenic, and biofuel emissions supplemented by EMEP (Vestreng and Klein, 2002) , BRAVO (Kuhns et al., 2003) , EDGAR (Olivier et al., 2005) , and Streets et al. (2006) regional inventories, MEGAN 2.0 biogenic emissions (Millet et al., 2008) , and GFED2 biomass burning emissions from the year 1997 (Giglio and Werf, 2006) . Anthropogenic emissions are scaled by national energy and CO 2 emission data for 1988-1997. PD CH 4 E. D. Sofen et al.: Preindustrial oxidants and isotopes of ice core sulfate concentrations for four latitude bands (90 • N-30 • N, 30 • N-0 • , 0 • -30 • S, 30 • S-90 • S) are based on interpolated annual flask measurement data (Dlugokencky et al., 2008) . For PI simulations, we turn off fossil fuel and fertilizer emissions, scale biomass burning emissions to 10% of PD levels (following Crutzen and Zimmermann, 1991, and others); biofuel, lightning, and biogenic emissions remain at their PD levels. We set PI CH 4 to the 1850 CE global mean concentration of 792 nmol mol −1 (Etheridge et al., 2002) .
Global monthly-mean oxidant fields (O 3 , OH, and NO 3 concentrations, H 2 O 2 production and photolysis rates) and total inorganic nitrate are archived from NO x -O xhydrocarbon-aerosol "full-chemistry" simulations (two-year spin-up, ten-year simulation; three-year simulation for sensitivity studies) and used in "offline" tagged-sulfate aerosol simulations as described in Park et al. (2004) and Alexander et al. (2009) . The tagged sulfate formation pathways are gasphase oxidation by OH, aqueous-phase oxidation by H 2 O 2 , O 3 , and O 2 catalyzed by Fe and Mn, and heterogeneous oxidation by O 3 on coarse-and fine-mode sea salt aerosols. Other sulfate formation pathways are not included for reasons discussed in Sect. 2.
The calculated annual average PD-PI change in 17 O(SO 2− 4 ) is compared to measurements from PD aerosol samples in Alert, Canada (McCabe et al., 2006) and ice cores from (PI) Site-A, Greenland (Alexander et al., 2004) and (PD and PI) WAIS-Divide, Antarctica (Kunasek et al., 2010) . We also compare our model results to the measurements of late-1800s O 3 and ice core H 2 O 2 . Figure 1a compares the PD modeled 17 O(SO 2− 4 ) to all available annual and monthly measurements of 17 O(SO 2− 4 ) from aerosol, precipitation, and firn samples. The model and most measurements represent non-sea salt sulfate. Measurements at South Pole (Michalski, personal communication, 2001; McCabe, personal communication, 2004) represent total sulfate, as Na + data are not available to correct for sea salt sulfate, which will bias these 17 O(SO 2− 4 ) observations low. Therefore, wintertime (JJA) measurements of South Pole 17 O(SO 2− 4 ) are excluded from Fig. 1a , as sea salt sulfate can represent 10-60% of total sulfate during the winter (Harder et al., 2000) . Sea salt contributes approximately 1% of total sulfate during summer (December) (Harder et al., 2000) , which will impact the 17 O(SO 2− 4 ) by approximately 0.01‰ -much less than the uncertainty in the measurements. Bulk cloud water pH values of 4.5 and 5.0 are assumed for the Northern and Southern Hemispheres, respectively, consistent with the increased acidity of Northern Hemisphere precipitation by anthropogenic emissions of nitric and sulfuric acid precursors. The model ( ( Fig. 1a) is likely due at least in part to variations in cloud pH not calculated in the model. Figure 1b We assume that on the PD-PI timescale, changes in climate have a small effect on sulfur and oxidant chemistry compared to the emissions changes described in Sect. 1. Meteorological fields impact both oxidant and sulfur chemistry. Changes in the water vapor content of the atmosphere impact OH concentrations. Changes in the strength of stratosphere-troposphere exchange can impact both the concentration and isotopic composition of tropospheric O 3 , because stratospheric O 3 has a 5-10‰ higher 17 O than tropospheric ozone (Mauersberger, 1987; Krankowsky et al., 2000) . Cloud liquid water content, which impacts the relative fractions of SO 2− 4 formed in the gas-and aqueous-phase, is calculated in the model based on cloud fraction and temperature and is therefore held constant between PI and PD simulations. There is little evidence that global cloud liquid water content has changed on the PD-PI timescale. General circulation models do suggest that global cloud liquid water has slightly increased on this timescale, but this is highly uncertain (Lohmann and Feichter, 2005; Wang et al., 2011) . Finally, windspeed influences the emission of alkaline sea salt aerosols, and thus the importance of heterogeneous sulfate formation. By assuming no change in meteorology, any change in the modeled 17 O(SO 2− 4 ) is due to a change in oxidant concentrations, cloud pH, or metal emissions.
Comparison of the model with PD observations
Emissions from biomass burning include both oxidant precursors and sinks, so biomass burning can strongly influence oxidant concentrations. Preindustrial biomass burning emissions are highly uncertain. As is done here, model studies typically assume that PI biomass burning was greatly reduced (10%) compared to to PD biomass burning and that the geographic distribution is unchanged. However, a recent study of the isotopic composition of CO from an Antarctic ice core suggests that there was more Southern Hemisphere biomass burning in the PI (1700-1850 CE) than the PD (1991 CE) (Wang et al., 2010) .
The strength of emissions of metals (Mn and Fe) to the atmosphere, along with their solubility and oxidation state, are highly uncertain, and influence the relative importance of the S(IV) + O 2 pathway. Alexander et al. (2009) suggested that metal-catalyzed sulfate formation is dominated by anthropogenic metals in mid-to high-latitudes during winter and is necessary to explain the observed seasonal cycle of 17 O(SO 2− 4 ) in Arctic aerosol (McCabe et al., 2006) . Modeled metal emissions are scaled to mineral dust and primary anthropogenic sulfate, following Alexander et al. (2009) . Thus, only metal in dust is included in the PI.
The choice of global cloud water pH contributes to uncertainty in 17 O(SO 2− 4 ), since S(IV)+O 3 is highly pHdependent. Cloud water pH on the PD-PI timescale is impacted by anthropogenic emissions of sulfuric and nitric acid precursors in the Northern Hemisphere. In the Northern high latitudes the acidity of precipitation has increased since the PI (Mayewski et al., 1986) , while there has been no change in the Antarctic. Cragin et al. (1987) showed that a South Pole ice core spanning the past 2000 years has an average pH of 5.37 ± 0.08 with no trend in time. We expect the chemically relevant cloud water pH to be somewhat lower than the pH of precipitation reported by Cragin et al. (1987) , as precipitation is likely made up of larger, more dilute droplets than bulk cloud water. This is further supported by the correlation between pH and droplet size (Straub et al., 2007) and seasonally averaged measurements of both cloud droplet and precipitation pH, which show an offset of 0.7 ± 0.1 between the precipitation and cloud pH at Whiteface Mountain, NY (Aleksic et al., 2009 ).
There are several sulfate formation pathways that are not included in the model, such as S(IV) oxidation by HOCl, HOBr, NO 2 , NO 3 , and HNO 4 . We do not include these sulfate formation pathways in our model calculations because either their rate constants are unknown (HOCl/HOBr + HSO − 3 ) or the pathways are thought to be minor contributors to total sulfate formation (NO 2 , NO 3 , and HNO 4 ), as discussed in more detail in Sect. 2.
Modeled PD tropospheric column ozone in GEOS-Chem compares well to multiple sets of observations (Chandra et al., 2003; Liu et al., 2006) . Recent work suggests other reactions, not included in the GEOS-Chem chemical mechanism used here, may impact oxidant concentrations on the PD-PI timescale. Results from Archibald et al. (2011) suggest that HO x recycling in the photo-oxidation of isoprene impacts oxidant concentrations. In particular, their PI simulation that includes HO x recycling increases the tropospheric burden of both OH and O 3 by 49% and 18%, respectively, relative to their base PI simulation. However, HO x recycling mechanisms in forested regions are highly uncertain. Recent results by Stone et al. (2011) demonstrate that none of the current suggestions for HO x recycling mechanisms can reproduce observed concentrations of both OH and HO 2 over a forest. In addition, results from Parrella et al. (2010) suggest that including reactive bromine chemistry in GEOS-Chem lowers PI surface O 3 by 24% in agreement with the late-1800s O 3 measurements. However, the introduction of bromine chemistry does produce some discrepancies with PD O 3 measurements.
Tropospheric O 3 measurements span a range of 17 O(O 3 ), and we assume a value near the upper end of the range (35‰) due to potential sampling artifacts (Brenninkmeijer et al., 2003) (Janssen, 2005; Bhattacharya et al., 2008; Michalski and Bhattacharya, 2009 
Sensitivity studies
We conduct six sensitivity studies to explore the impact of model uncertainties on our conclusions. To assess the uncertainty in PI conditions, we conduct four additional simulations, varying (1) biomass burning emissions, (2) biogenic VOC and NO x emissions, (3) anthropogenic metal emissions, and (4) cloud water pH. We also (5) assess the impact of individual oxidant changes on 17 O(SO 2− 4 ) and (6) the uncertainty in the 17 O of oxidants.
Two sensitivity studies explore uncertainties in PI emissions of oxidant precursors and their impact on 17 O(SO 2− 4 ). The first uses PD biomass burning in a simulation with an otherwise-PI configuration. The second sensitivity study is modeled on the work of Mickley et al. (2001) . We halve lightning and biomass-burning NO x emissions and double biogenic VOC emissions from their PI values to test whether modeled preindustrial oxidants can be consistent with both late-1800s O 3 measurements and ice core 17 O(SO 2− 4 ). To assess the sensitivity of 17 O(SO 2− 4 ) to anthropogenic metal (Mn and Fe) emissions, simulations are run both with and without metal-catalyzed oxidation.
Because of the uncertainty in assuming a fixed cloud water pH, simulations are run at a bulk cloud water pH = 4.5, 5.0, and 5.5. The best-fit pH values from the base simulations are used for all further sensitivity studies, and we focus on the difference in 17 Morin et al. (2007) . Table 1 shows the global annual tropospheric sulfur budget in the PI and PD simulations assuming a cloud water pH of 5.0 in the PI and the PD Southern Hemisphere and a pH of 4.5 in the PD Northern Hemisphere. Sulfur emissions in the PD model are almost a factor of four higher than those in the PI model. The sulfate production rate increases by a factor of 3.3. The increase in the sulfate production rate is smaller than the increase in sulfur emissions because a larger fraction of SO 2 is lost via dry deposition in the PD. The burdens of SO 2 and SO 2− 4 both increase by almost a factor of three. There is little change in the relative importance of sulfate formed in the gas phase (23% to 27%). The contribution of sulfate formed in the gas phase is important because only sulfate formed through gas-phase oxidation can nucleate new particles, increasing aerosol number density under favorable conditions. Metal-catalyzed oxidation increases in importance from 11% to 22% in the Northern Hemisphere, leading to a slight suppression in the relative importance of sulfate formation by H 2 O 2 and O 3 .
Results and discussion

Sulfur budget
Global oxidants
Figure 2a-c shows the PD-PI change in annual mean tropospheric oxidant concentrations. Global annual mean (10year average) tropospheric O 3 increases by 42% ± 1% (from 31.7 ± 0.5 to 45.2 ± 0.5 nmol mol −1 ), OH decreases by −9.9% ± 0.5% (from (1.37 ± 0.04) × 10 6 to (1.24 ± 0.03) × 10 6 cm −3 ), and H 2 O 2 increases by 58% ± 2% (from 0.58 ± 0.02 to 0.92±0.02 nmol mol −1 ), with one standard deviation uncertainties indicating the ten-year interannual variability in the modeled annual mean changes in oxidant concentrations. Our base-case simulations represent reasonably mainstream changes in O 3 and OH compared to previous modeling studies (e.g. Thompson et al., 1993; Grenfell et al., 2001; Lamarque et al., 2005) .
While very few studies report PD-PI H 2 O 2 changes, the 58% global increase in this study is within the range of other models (e.g. Thompson et al., 1993; Grenfell et al., 2001) , and is in qualitative agreement with ice core measurements (Sigg and Neftel, 1991; Frey et al., 2006; Lamarque et al., 2011) . A recent modeling study suggests that the increase in H 2 O 2 in the latter 20th century is due to the decline in the Antarctic overhead O 3 column, which leads to greater production of H 2 O 2 initiated from O 3 photolysis, while the earlier part of the increase can be explained by changes in tropospheric oxidant chemistry driven by emissions (Lamarque et al., 2011) . Since the PI simulations presented here use PD stratospheric O 3 , the Antarctic PI H 2 O 2 concentrations may be overestimated and PD-PI change in H 2 O 2 may be underestimated. However, the importance of the effect of the O 3 column abundance on H 2 O 2 will decrease with latitude (equatorward). Therefore, the effect of the overhead O 3 column on H 2 O 2 concentrations over the Southern Ocean (relevant to the formation of sulfate that is deposited to Antarctica) is likely much smaller than the effect on H 2 O 2 over the Antarctic continent itself. Figure 2d illustrates the corresponding PD-PI change in the annual mean 17 O(SO 2− 4 ) of deposited sulfate across the globe using the same pH assumptions as for 2− 4 ) increase occurs in the Amazon region due to a decrease in the fraction of sulfate formed in the gas-phase. Table 2 compares the PD-PI change in modeled 17 O(SO 2− 4 ) using various cloud pH assumptions to both Arctic (Site-A and Alert) and Antarctic (WAIS-Divide) measurements. For simulations at cloud water pH values of 4.5, 5.0, and 5.5, we consider both the absolute value of 17 O(SO 2− 4 ) and the PD-PI change in 17 O(SO 2− 4 ) at the ice core sites.
Oxygen isotopes of sulfate
At WAIS-Divide, the modeled PD-PI change in 17 O(SO 2− 4 ) agrees with observations no matter what pH we assume (4.5, 5.0, 5.5). However, the simulations at pH = 5.0 best matches the absolute magnitude of the 17 O(SO 2− 4 ) measurements. The pH = 5.5 simulations overestimates the 17 O(SO 2− 4 ) by more than 2.5‰, and the pH = 4.5 simulations underestimates 17 O(SO 2− 4 ) by 1‰. Because a pH of 5.0 provides better agreement with WAIS-Divide ice core measurements (D. Pasteris, personal communication, 2010) and is consistent with expectations of Antarctic cloud water pH (described in Sect. 3.2), we assume a pH of 5.0 in the Southern Hemisphere for all further simulations described below. In the Arctic, the modeled 17 O(SO 2− 4 ) is most consistent with PD aerosol and ice core measurements (Fig. 1 ) when the PD model is run at a pH of 4.5. The PI model is run at a cloud pH of 5.0, in line with the Southern Hemisphere. A PD Northern Hemisphere cloud pH of 5.0 or 5.5 is inconsistent with both the observed PD-PI decrease in the 17 O(SO 2− 4 ) at Summit, Greenland (Table 2 ) and other PD observations (Fig. 1) . The above trend in pH is also consistent with SO 2− 4 and NO − 3 trends in Greenland ice cores (Mayewski et al., 1986) . Based on these sensitivity studies, all other simulations assume a cloud pH of 5.0 except for the PD Northern Hemisphere where the pH is 4.5.
Sensitivity of 17 O(SO 2− 4 ) to regional oxidants
The sensitivity of 17 O(SO 2− 4 ) to changing oxidants is best assessed using fractional changes in regional oxidants because 17 O(SO 2− 4 ) depends on the fraction of SO 2− 4 formed by each pathway. Sulfate deposited at Alert, Canada is likely emitted from Eurasia and the Arctic, whereas sulfate at Site-A, Greenland is influenced by North America and the northern midlatitudes, as it is better exposed to the free troposphere due to its high elevation (Hirdman et al., 2010) . A zonally-averaged profile of sulfate production rates indicates that most sulfate is produced below approximately 8.3 km altitude (340 hPa) in the model. Therefore, we consider the fractional change in oxidants from the surface to 8.3 km altitude over the entire northern midlatitudes (30 • − 60 • N). In this region, we find modeled PD-PI changes of +53% ± 3%, −10.3% ± 0.7%, and +65% ± 3%, respectively, for O 3 OH, and H 2 O 2 . There is little variation in these values compared with several similar sub-regions (North America, Greenland, > 60 • N) of the Northern Hemisphere. At Site-A, Greenland, we take the PI period to be prior to 1837 CE, as 17 O(SO 2− 4 ) increases in the Site-A record in the late-1800s due to increased North American biomass burning (Alexander et al., 2004) , a condition not considered in these simulations. In spite of the 53% increase in O 3 due to anthropogenic activity, there is a PD-PI decrease of 0.5‰ in the measured 17 O(SO 2− 4 ). The model reproduces this decrease in the 17 O(SO 2− 4 ) ( Table 2) . Table 3 illustrates how changes in the relative importance of each oxidant have impacted each sulfate formation pathway at the measurement locations. Coincident with increased PD O 3 production from anthropogenic precursors, increased anthropogenic metal emissions, primarily from coal-fired power plants, production. Once this H 2 O 2 titration "threshold" is met, the relative importance of metal-catalyzed sulfate formation is largely insensitive to SO 2 or metal concentrations as indicated by sensitivity studies by Alexander et al. (2009) . Increases in anthropogenic metal emissions reduce the fraction of sulfate formed by O 3 and H 2 O 2 since the PI. If metal-catalyzed oxidation is not included, the PD-PI difference in 17 O(SO 2− 4 ) at Alert is overestimated by 0.5‰ ( Table 2 ). The decrease in pH between the PI and PD also reduces the fraction of SO 2− 4 formed by O 3 in the aqueous phase. Both increases in anthropogenic metals and a decrease in pH are needed to explain the observed decrease in 17 O(SO 2− 4 ). At WAIS-Divide, the PI period is taken to be 1850 CE, as the 17 O(SO 2− 4 ) measurements prior to 1850 are influenced by the 1810 and Tambora (1815 CE) volcanic erup- Table 3 . The percent (%) of non-sea salt sulfate formed by each oxidation pathway in the Arctic (Site-A, Greenland and Alert, Canada) and Antarctic (WAIS-Divide). The PI simulation shown here is conducted at a cloud water pH of 5.0. The PD simulation assumes a cloud water pH of 4.5 in the Northern Hemisphere and 5.0 in the Southern Hemisphere. The ten-year interannual variability (1σ ) is ≤ ±3% in the Arctic and ≤ ±2% in the Antarctic.
Arctic
Antarctic PI (%) PD (%) PI (%) PD (%) Table 2 ). The greater increase in H 2 O 2 than O 3 suppresses S(IV)+O 3 (Fig. 2 and Table 3 (Marenco et al., 1994; Pavelin et al., 1999; Volz and Kley, 1988 ) are reduced from the base PI simulation by 5 nmol mol −1 , but are still 5 nmol mol −1 higher than both those reported by Mickley et al. (2001) Parrella et al. (2010) . Since halogen chemistry will likely also impact the concentrations of other oxidants, the effects on the 17 O(SO 2− 4 ), which depends on the relative concentrations of the major S(IV) oxidants, is presently unknown. In addition, other potential missing reactions in sulfur chemistry provide a source of model uncertainty. For example, if HSO − 3 oxidation by HOCl and HOBr is shown to be as important as suggested by Vogt et al. (1996) and von Glasow et al. (2002) with the assumed reaction rate constants, the fraction of sulfate formed in the aqueous phase by other pathways will be diminished. This would make 17 O(SO 2− 4 ) less sensitive to changes in O 3 concentrations.
Conclusions
We modeled present day (PD) and preindustrial (PI) sulfate chemistry, tropospheric oxidant (O 3 , OH, H 2 O 2 ) concentrations and the resulting oxygen isotopic composition of nonsea salt sulfate ( 17 O(SO 2− 4 )) associated with changes in anthropogenic emissions. On large spatial scales, the fraction of sulfate formed by metal-catalyzed oxidation of S(IV) by O 2 increases from 11% in the PI to 22% in the PD in the Northern Hemisphere, while globally, we find little change in the fraction of sulfate formed in the gas-phase (23% to 27%). PI oxidants are broadly consistent with past modeling studies, and the PD-PI difference in modeled 17 O(SO 2− 4 ) is consistent with observations from Antarctic and Greenland ice cores and aerosols. At WAIS-Divide, Antarctica, 17 O(SO 2− 4 ) is sensitive to relative changes in oxidant concentrations, but shows a small response (≤0.4‰) to modeled PD-PI oxidant changes. Furthermore, the PD-PI changes in oxidants offset each other, yielding no net change in Antarctic 17 O(SO 2− 4 ). The observations are thus consistent with modeled changes in oxidant concentrations over the Southern Ocean (45 • -75 • S) of +27% in O 3 , −15.4% in OH, and +51% in H 2 O 2 driven by changes in anthropogenic emissions. In the Arctic, 17 O(SO 2− 4 ) is made insensitive to PD-PI changes in oxidants by the increased importance of oxidation by O 2 catalyzed by anthropogenic metals in the PD and the decreased cloud pH resulting from anthropogenic emissions of sulfuric and nitric acid precursors. Observed PI 17 O(SO 2− 4 ) is not consistent with low PI O 3 concentrations caused by imposing low NO x and high VOC emissions in the model. However, since Antarctic 17 O(SO 2− 4 ) is sensitive to relative changes in oxidants, it is plausible that 17 O(SO 2− 4 ) could be consistent with observed PI O 3 concentrations under other oxidant scenarios, such as that modeled by Parrella et al. (2010) . This will be a subject of future investigation.
This method for modeling 17 O(SO 2− 4 ) is now being applied to glacial-interglacial timescales. In contrast to the PD-PI transition, 17 O(SO 2− 4 ) varies dramatically (by up to 3.5‰) on the glacial-interglacial timescale in an Antarctic ice core (Alexander et al., 2002) .
